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Abstract 
Industrial sustainability at the regional level requires collaborative efforts from various participating agents toward 
common goals consisting of resource conservation, low carbon emissions, production efficiency, economic viability, 
and corporate social responsibility. Our existing socio-technical systems should transition or evolve towards 
achieving systems sustainability. This study aims to operationalize the notion of systems sustainability by developing 
an Agent-based Model (ABM) framework for two potential industrial ecosystems: The Picardie/Champagne-Ardenne 
oilseed crops agriculture (France). Such applications of agent-based modeling can show possible evolutionary 
trajectories of given scenarios under different conditions and geographical contexts. In this paper we view these 
economic activities along with their associated partners (suppliers, customers, government agencies etc) and the 
natural environment in which they operate to be complex adaptive systems. Therefore, industrial eco-parks organized 
around agricultural products and the pulp and paper industries are relevant areas of application for ABM. This task 
will help identify and provide a contextual analysis of the structural factors and main driving forces for the 
development of industrial symbiosis along the lines of prospective scenarios (ecological constraints; regulations, 
economic, cultural and behavioural contexts; carbon markets; technological routes, etc). The current model focuses 
on the cultural and behavioral aspects with the following research question: What are the behavioral factors that favor 
the development of an industrial symbiosis? 
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1. Introduction 
 
Today, the majority of our production systems have been developed with a linear thinking 
perspective. We extract natural resources, use them to produce goods and services and dispose the 
resulting wastes and emissions on a treated form into the natural environment. However, this linear 
thinking of production system results in important environmental and sometimes social consequences. In 
1989, Robert Frosh and Nicholas Galloupoulos [1] introduced the idea that one way to minimize these 
impacts could be to model our systems of production and consumption in an ecosystem-based perspective. 
The main objective behind this orientation is closing the loop and achieving the concept of industrial 
symbiosis. The ultimate goal of industrial ecology is to reuse, repair, recover, remanufacture, or recycle 
products and by- products on a very large scale [1][3][8][9]. Resource sharing among firms provides the 
potential to increase stability of operations, especially in supply-constrained areas by ensuring access to 
critical inputs such as water, energy, infrastructure and natural resources. Today, not only the concept of 
Industrial ecology is rapidly evolving, but a practical application of it called industrial eco-park (IEP), 
industrial symbiosis ecosystem or network has emerged over the last thirty years. 
In this paper, we understand closing the loop as increasing the efficiency of natural resource 
consumption by closing the material and mineral cycles and implementing energy cascade by optimizing 
internal resource use. Closing the loop also requires integrating industrial, economic, environmental and 
social systems that have previously been viewed as separated systems. This integration implies new 
interactions between various actors, each with their own motivations, which most of the times have 
conflicting interests. Therefore, research experiments are needed to study these interactions and their 
consequences in the environmental, economic and social realm. This can ultimately lead to a better 
understanding of the dynamics of a complex system within an industrial ecosystem.  
Besides the traditional business issues such as financial, operational and behavioral business problem, 
the need to work across organizations exacerbates these issues. However financial and operational 
problems can be solved by the combined use of existing environmental Industrial ecology (IE) 
environmental and costs assessments tools such as Life cycle assessment or life cycle costing. On the 
other hand, behavioral issues, because it involves human decision making are much more difficult to 
identify with precision in order to assess and solve. Therefore, an important role for agent-based modeling 
in Industrial Ecology should be, to explicitly treat the behavioral characteristics that favor the emergence 
and the sustainability of an industrial ecosystem. Then the research question of this study is: What are the 
behavioral factors that favor the development of an industrial symbiosis? 
 
2.   Case study 
 
This computational study focuses specifically on the application of a simulation tool within industrial 
ecosystems. Indeed, in this case, industrial ecosystems are viewed as self-organizing systems whose 
evolution is  a  function  of  complex  interactions  among  multiple  organizations  pursuing  individual 
objectives. From this perspective, industrial networks are the result of organizational decisions 
continuously changing the character and the configuration of the network.  The challenge is to determine 
how organizations and industrial eco-systems can be stimulated to make those decisions that are not only 
are in their own best interests, but also stimulate the overall benefits associated with the entire industrial 
network. The general problem of the behavior of individuals in the face of imperfect incentives lies at the 
core of industrial ecosystems [4]. An important role for agent-based modeling in Industrial Ecology (IE) 
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should be to explicitly treat the incentives that face behaviorally realistic agents in empirically credible 
environments. Here we focus more closely on the methodological aspects of agent models as well as the 
ways in which industrial ecologists may begin to exploit their capabilities for systems modeling. 
The developed initial model in this study is applied to two industrial ecosystems from different 
regional contexts: a symbiosis organized around the Maine pulp and paper industry and another symbiosis 
around the Picardie/Champagne-Ardenne oilseed crops agriculture. Both cases are part of a joint research 
project currently under study for the development of potential industrial symbiosis. For this model, the 
actors  (agents)  will  be  plants,  with  each  owning  a  set  of  behavioral  characteristics,  which  will  be 
discussed later in this paper. The goal of this agent-based model is to see the emergence of symbiosis 
-indus
suitable output-input connections, mutual trust among the industrial actors and the willingness to 
[12]. Secretive or non-cooperative corporate cultures that hinge on individual 
behavior can greatly affect the emergence of a network. Thus, industrial ecosystems constitute an obvious 
field of application of ABM because it allows for bottom-up simulations of organizations constituted by a 
large number of interacting parts [7]. In addition, the need to work across organizations only exacerbates 
traditional business issues, which may include financial, operational, and behavioral problems. However, 
financial and operational problems can be addressed by the combined use of existing environmental and 
cost assessment tools such as Life Cycle Assessment (LCA) or Life Cycle  Costing  (LCC). On the other 
hand, behavioral  issues, because they involve  human decision making, are much more difficult to 
identify with precision in order to assess and solve; therefore, an important role of agent-based modeling 
in IE should be to explicitly treat the behavioral characteristics that favor the emergence of sustainability 
of an industrial ecosystem. As a result, the research question of this study is: What are the behavioral 
factors that favor the development of an industrial symbiosis? 
 
 
3.   Methodology 
 
3.1 Model description 
 
The model description follows the ODD (Overview, Design concepts and Details) protocol for 
describing individual- and agent-based models [10] and consists of seven elements. The first three 
elements provide an overview, the fourth el
design and the remaining three elements provide details. 
 
Purpose 
 
The purpose of this model is to explore the individual behavioural aspects that may favor industrial 
symbiosis. The specific questions addressed by this model are: (1) what cooperation level and learning 
conditions can favor industrial symbiosis? and (2) are cooperation and learning determinant factors for 
symbiosis? 
 
Entities, State variables and Scales 
 
The model consists of core entities called agents, represented here as industrial plants within a 
regional network (potential symbiosis) and links, which represent the exchange of materials. If materials 
(inputs and outputs) are available, links will be created between the plants. 
 
Each agent has: 
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-  A set of material inputs and outputs: As mentioned in the introduction, industrial symbiosis is 
described as the sustainable exchange of material and energy flows between plants. Here, each plant has a 
set of inputs and outputs. Inputs are represented by a random number between 0 and 5.  Outputs are also 
represented by a random number which is « input + 1 » so the input flows for each plant are different 
from the output flows. 
-  A life and death cycle: Birth and death dynamics are crucial to any dynamic system. Here a 
random plant is picked to die (determined by a death rate slider) and a new one is created 
- A cooperation norm: Culture and plant intra-culture are at the core of the influence on decision making 
of a plant manager (represented here by the plant itself) to exchange information and maintain mutual 
trust. The cooperation norm, which is either 1 or 0 (1 = cooperative; 0 = non- cooperative), is determined 
by a frequency cooperation rate. 
-  A Number of links: When a plant is created its number of links is initially set to 0 
-  A behavior type: When a plant is created its behavior variable is set to 0 
See the Netlogo interface of the model below. 
 
 
Figure 1: Symbiosis emergence (Netlogo interface) 
 
Environment 
 
Each year, which is the time step of this model, the following tasks are performed by each agent: 
 
 
1.   Find a partner for exchange of material: Each plant looks for an input (or more, up to a 
maximum of links set up) among the output of the other plants. 
2.   If the availability of material corresponds to its input, a link between the two entities is created. 
3.   If the cooperation-norm is true and the number of links for the plant is less than the 
maximum number of links, the behavior variable is 1. 
4.   Eliminate and create a plant: a random plant is picked to die (determined by a death rate 
slider) 
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and a new one is created. 
5.   If learning is turned on and the majority behavior is to cooperate within a radius (determined 
by a slider), then the plant is set to cooperate. (behavior = 1) 
6.   Update a plot: Count the Partnered and Non-partnered plants. 
 
3.2 Design concept 
 
Emergence 
 
The emergent effect we are looking for in this model is the ability of the plant managers (represented 
by the plants) to develop exchanges of materials following their cultural cooperation norm and/or by 
imitating the behavior of their neighbors. At this stage of the model, the ability of the plant manager is 
measured by the number of links created and the total number of plants that become partnered. 
 It is assumed that cooperation increases naturally with the number of exchanges.  Emergence will 
occur from the collusion of cooperation over time; at which point we ask how long cooperation is needed 
to implement and develop symbiosis, and the extent of the role played by cooperation and learning 
through imitation of behavior. 
 
Adaptation/Learning 
 
Plants adapt by finding and choosing new input materials from their neighbours that correspond to 
their own needs. They will only pick input materials that could be used in their production processes; they 
are also limited in the number of exchanges made in order to be more realistic. Adaptation is also 
triggered by the learning procedure. Unsuccessful plants that do not make exchanges because of their lack 
o
industrial network. 
 
Interactions 
 
Plants interact directly by searching for input materials among fellow plants. If they succeed in doing 
so, a link is created between the plants. They also indirectly interact by having the possibility of imitating 
 
 
Stochasticity 
 
Stochasticity is used to simulate the life cycle of plants. A plant is randomly picked at each step to 
die and another one is created. In succeeding revised versions of the model, the life cycle of the plants 
will be defined by their ability to make exchanges. If they fail they will have a greater chance of being 
 
 
Observation 
 
The key observation is the total number of exchanges made over the industrial network, since that is the 
-
different conditions (high or low cooperation level, learning procedure being on or off). 
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Initialization 
 
The initial number of plants is set at 100. Each plant has a set of inputs [0 to 5] and outputs [output + 
1]. They have a cooperation norm (coop-norm) that is either true or false. They also start with zero links 
(no exchanges). 
 
4.   Results 
 
4.1 External validity 
 
The model can be seen as a simplification of reality because symbiosis requires not only a large 
exchange  of information about nearby industries and their inputs and outputs, but also about their 
production processes and logistical organizations. This implies a strong cooperation between entities 
without which no link can be implemented. Very few studies have been performed on what favors the 
emergence of industrial symbiosis. However in their article, [6] emphasize that the success of the 
symbiosis of Kalundborg can be attributed to the fact that the town is a tight-knit rural community of 
12,000 residents, where managers and employees interact socially on a daily basis, resulting in a cultural 
feature that encompasses a short mental distance between firms [5]. This seems to have triggered the 
learning from the neighboring firms, who were not initially involved in the symbiosis, but, after 
 
Although the actual state of the model shows some of the essential mechanism patterns of symbiosis, 
which is essential to understanding the emergence of such a system, it does however miss some important 
following aspects should be included in subsequent versions of the model: 
 
1. Reaction to regulatory framework (political, environmental, and social): high or low government 
intervention as well as strong or more lenient environmental/labor regulations greatly affects 
even the possibility of implementing a symbiosis. The right dose of regulation should be 
investigated so the model can become a more replicable one. 
2. Reaction to change in spatial boundaries: In general, symbiotic industrial facilities need to be in 
close proximity in order to avoid large transportation costs and energy degradation. However, 
compatible material synergies are not always co-located and the need for exchange away from 
the initial site of the network could be investigated. 
3. The nature of symbiosis itself: some are spontaneous (bottom-up) while others are planned (top- 
down). This model assumes that symbiosis emerges in a bottom-up fashion. However, some 
industrial ecologists are investigating the idea that symbiosis can be built from scratch from a 
Brownfield or an existing industrial cluster. This could be a topic for another model in the field 
of IE. 
 
4.2 Internal validity and consistency 
 
At this stage, a sensitivity analysis seems to be enough to assess the validity of the model. Indeed, an 
uncertainty analysis will also be necessary, which is not the case in this present simulation. For this 
sensitivity analysis the following eight different scenarios are compared. These scenarios have been 
divided in two sets: the first, analyzing change in cooperation and learning parameters, and the second, 
analyzing the influence of the death and plant creation rates. 
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Table 1: Validity Analysis 
 
Parameter values Scenario 0 
(baseline) 
Scenario 0  Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Parameters value 
Cooperation 
frequency rate 
Medium 
(50%) 
Medium 
(50%) 
High 
(75%) 
High 
(75%) 
Low 
(15%) 
Low 
(15%) 
learning On Off Off On Off On 
Constants value 
Death-rate 3% 3% 3% 3% 3% 3% 
Plant creation- 
rate 
3% 3% 3% 3% 3% 3% 
Max-Num of link 2 2 2 2 2 2 
Influence-radius 2 2 2 2 2 2 
 
Parameter values Scenario 5 Scenario 6 Scenario 7 Scenario 8 
Parameters value 
Death-rate 3% 5% 3% 5% 
Plant creation-rate (life) 5% 3% 5% 3% 
learning On On Off Off 
Constants value 
Cooperation frequency rate 
 
Medium (50%) Medium (50%) Medium (50%) Medium (50%) 
Max-Num of link 2 2 2 2 
Influence-radius 2 2 2 2 
 
Currencies: 
Number of links 
Number of partnered plants 
Number of non-partnered plants 
 
Analysis 
 
Our first sensitivity analysis experiment searches for parameter settings that would yield changes 
in results. For this first experiment, we want to look at fluctuations of the results by manipulating the 
influence of the two main aspects of the model: Cooperation and Learning. Figure 2 show the difference 
in amount of partnered plants and non-partnered under different cooperative and learning conditions. 
The first two scenarios (scenario 
other parameters is constant. When the learning behavior is on, the number of plants who find a partner 
increases by 500%, which is an expected behavior. However, we observe on scenario 0, when the 
learning is switched off,  that the discrepancy between partnered and non-partnered plants is low, which 
operation is the most influential factor in developing links 
between plants. Overall this first experiment does not show any specific sensitivity altering the results.  
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Figure 2 Cooperation/learning scenarios comparison 
 
Figure 3 shows that cooperation and learning does have an effect at the beginning of the clustering; 
however, it tends to get smoothed out over time, at which point, less and less difference between 
cooperation and learning is seen over time; this could be explained by the fact the each plant is limited to2 
links each, and their radius of influence from which they can learn from their neighbor and imitate their 
behavior is limited to 2 as well. In general, cooperation and learning is an essential factor at the beginning 
of the network implementation, which is consistent with the results observed when the model simulation 
is run. 
 
 
 
Figure 3 links created by scenarios 
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5. Conclusions 
 
At the current state of development of the model, the results are promising, but still needs further 
revision. Figure 2 illustrates the results of a model run for normal conditions (see curve of scenario 0 and 
graph shows the population dynamic of the plants over time. The model still needs some improvements as 
well as an enhanced validation in order to deliver more realistic results. However, its design is seen as an 
approach to modeling multi-agent network systems that may serve as the basis for the development and 
sustainability of industrial symbiosis. Although crude at this stage, the model structure allows for 
simulation of a variety of scenarios showing the basic behaviors of such system. The first experience with 
the discussed model encourages further work with agent-based models of industrial symbiosis systems. 
Even though, the results remain inconclusive, the current model is a good foundation for further 
iterations. In the field of Industrial ecology, quantitative tools used to assess sustainability, such as Life 
Cycle Assessment, Material Flow Analysis and others, have been subjected to a large amount of research; 
however, there is still a lack of fundamental understanding of how industrial symbiosis emerges from the 
bottom up in order to produce sustainable systems.  The social and cultural behavior as well as the ways 
of doing business, has been overlooked despite its importance. The consequence of individual behavior 
on the sustainability of a system is difficult to measure with traditional assessment methods. Ultimately, 
the use of Agent-based modeling will be to generate and explore alternative futures and scenarios that 
may develop under different conditions. The goal is to allow several simulations that can explore various 
under different economic, social and environmental goals. They can show the possible 
evolutionary trajectories of given scenarios under different conditions and varying geographical context. 
An industrial eco-park is therefore a relevant area of application. 
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